Introduction
Increasing emphasis is being placed on the potential importance of changes in regulatory genes to bring about evolutionary change. It has been proposed that such changes can result in large organismal effects by altering the rate and timing of developmental events (Britten and Davidson 1969; King and Wilson 1975; Wilson 1976) . These alterations in early development are believed to result in significant changes in the life history characteristics and the morphology of individuals (Frazetta 1970; Gould 1980) . These authors have suggested that changes in regulatory genes may be of more evolutionary importance than changes in structural genes. The evidence supporting the evolutionary importance of regulatory genes in eukaryotic organisms has been mainly indirect, based largely on differences in the rate of divergence of morphology and structural loci in closely related organisms (King and Wilson 1975; Wilson 1976) . However, direct evidence for the adaptive importance of regulatory genetic differences in eukaryotes is accumulating (see the recent review of MacIntyre [1982] ).
We have been studying the organismal effects of a regulatory gene that affects the tissue-specific expression of a phosphoglucomutase (PGM; E.C. 2.7.5. I) locus in rainbow trout (Salmo gairdneri) . Most rainbow trout have no product (PGMl) of the structural locus Pgml in the liver. Allendorf et al. (1982) have described allelic variation at a regulatory locus, Pgml -t, that affects the presence of PGMl in the liver. Individuals homozygous for the common allele, Pgml-t(ala) , show little or no PGMl enzyme in liver tissue. Heterozygotes, Pgml-t(alb), show a greater than loo-fold increase in the amount of PGMl enzyme in liver tissue. Homozygotes for the variant allele, Pgml-t(blb), have approximately twice as much PGMl in liver tissue as heterozygotes. The presence of PGMl in the liver has been shown to be associated with increased developmental rate, increased developmental stability, and decreased age at sexual maturity in these fish (Allendorfet al. 1983; Leary et al. 1983 ). These effects would almost certainly influence the ability of individuals to survive and reproduce in natural situations.
In this paper, we present the results of our investigation of the morphological effects of the Pgml -t locus. Individuals with liver PGM 1 have faster developmental rates than their full sibs without liver PGMl activity (Allendorf et al. 1983) . Environmentally induced increases in the developmental rate of fishes, including rainbow trout, have been shown to generally result in a decrease in meristic counts (Gabriel 1944; Taning 1950; Barlow 1961; Garside 1966; MacCrimmon and Kwain 1969; Lindsey and Harrington 1972; Ali and Lindsey 1974; Kwain 1975; MacGregor and MacCrimmon 1977) . Thus, we predicted that full sibs with liver PGMl should tend to have lower meristic counts than their full sibs without liver PGM 1. We have tested this prediction by comparing eight meristic traits of full sibs in nine families, segregating for the presence or absence of liver PGMl activity.
Methods
We crossed 18 individuals of the Arlee strain of rainbow trout maintained by the Montana Department of Fish, Wildlife, and Parks (see Leary et al. [1983] for the history of this strain) to create nine full-sib families, segregating for the presence or absence of liver PGMl . The fertilized eggs were incubated and the progeny raised at 9 C at the Jocko River State Trout Hatchery, Arlee, Montana, of the Montana Department of Fish, Wildlife, and Parks. In six of these families, the male parent had liver PGMl activity, Pgml-t(alb) , and the female parent did not,
Pgml-t(ala).
The reciprocal cross was made in one family. Both the parents were heterozygous at Pgml-t in the remaining two families. We could not compare the morphology of heterozygotes and homozygotes with liver PGMl activity because these genotypes are electrophoretically indistinguishable. The counts of the following eight meristic characters were taken on the first 25 fish identified in each family: rays in the anal fin, rays in the dorsal fin, rays in the pectoral fins, rays in the pelvic fins, gill rakers on the upper first branchial arches, gill rakers on the lower first branchial arches, mandibular pores, and vertebrae. The counts of the bilateral characters were taken on the left and right sides of each individual. The total count (left + right) was used in the statistical analyses of the data. Meristic counts were taken from as many as five additional fish so that we had nearly equal sample sizes of both Pgml-t phenotypes in each family.
All of the progeny in six families and half of the progeny in the other families were sacrificed 182 days after fertilization (approximately 150 days after hatching) and frozen for subsequent electrophoretic and meristic analyses. The remaining progeny were sampled again 394 days after fertilization. There are no significant differences in the distributions of any of the meristic traits between fish in the same family sampled at 182 and 394 days after fertilization (Wilcoxon two-sample test). We concluded that these meristic characters are determined before 182 days and combined these two samples. This conclusion is in agreement with previous studies that have shown that meristic counts in fishes are determined early in development, often before hatching (Barlow 1961; Eisler 1961; MacCrimmon and Kwain 1969; Lindsey and Harrington 1972; Ali and Lindsey 1974) .
Sample preparation and electrophoresis in starch gels followed Utter et al. (1974) with the stains and buffer systems of Allendorf et al. (1977) . Isozyme loci are designated with the nomenclature described in Allendorf et al. (1983) . The following 19 enzymes encoding 42 loci were screened in the electrophoretic examination of rainbow and cutthroat trout: adenylate kinase (ADK; E.C. 2.7.4.8), alcohol dehydrogenase (ADH; E.C. 1.1.1. l), aspartate aminotransferase (AAT; E.C. 2.6.1.1), creatine kinase (CK; E.C. 2.7.3.2), esterase (EST; E.C. 3.1.1.1), glucosephosphate isomerase (GPI; E.C. 5.3.1.9), glyceraldehyde-3-phosphate dehydrogenase (GAP; E.C. 1.2.1.12), glycerol-3-phosphate dehydrogenase (G3P; E.C. 1.1.1.8), glycyl-leucine peptidase (GL; E.C. 3.4.1 l), isocitrate dehydrogenase (IDH; E.C. 1.1.1.42), lactate dehydrogenase (LDH; E.C. 1.1.1.27), lycylglycyl-glycine peptidase (LGG; E.C. 3.4.1 l), malate dehydrogenase (MDH; E.C. 1.1.1.37), malic enzyme (ME; E.C. 1.1.1.40), phosphoglucomutase (PGM; E.C. 2.7.5. l), 6-phosphogluconate dehydrogenase (6PG; E.C. 1.1.1.44), sorbitol dehydrogenase (SDH; E.C. 1.1.1.14), superoxide dismutase (SOD; E.C. 1.15.1. l), and xanthine dehydrogenase (XDH; E.C. 1.2.3.2).
Results and Discussion

Effects of Pgml-t on Morphological Differences within Families
As predicted, individuals with liver PGMl tend to have lower meristic counts than their full sibs without liver PGMl (table 1) . There are nine significant differences in the pairwise comparisons, and, in each case, the individuals with liver PGMl have a lower meristic distribution than their full sibs without it (Wilcoxon two-sample test; table 1). In 43 of the 69 full-sib comparisons, the individuals with liver PGMl have a lower mean meristic count than their full sibs without liver PGMl (sign test, x2 = 4.19; P < .05). Three of the T2 comparisons had the same meristic count for both PGMl phenotypes.
The meristic differences between the liver PGMl phenotypes appear to be especially evident for four of the eight meristic characters: rays in the anal fin, rays in the dorsal fin, rays in the pectoral fins, and gill rakers on the lower first branchial arches. There are seven significant differences among these characters. Furthermore, the mean meristic count of the full sibs with liver PGMl is lower than those without liver PGMl in 27 of the 34 pairwise comparisons for these characters (x2 = 11.77; P < .OOl).
Meristic characters of fish are modifiable by the environment only during certain "critical periods" of development (Taning 1950; Lindsey 1954; Mac- Crimmon and Kwain 1969; Fowler 1970; Lindsey and Harrington 1972; Ali and Lindsey 1974) . The number of vertebrae in rainbow trout raised at 9 C is not affected by light after the formation of eye pigment (about 17 days after fertilization), but anal and dorsal fin rays are affected after this time (MacCrimmon and Kwain 1969) . Liver organogenesis in rainbow trout at this temperature occurs at approximately 15 days after fertilization (Ballard 1973). We, therefore, did not expect the number of vertebrae to be correlated with the presence or absence of liver PGMl. We have not been able to determine from the literature the critical periods for any of the other characters.
Multivariate comparison of all full sibs with and without liver PGMl using discriminant analysis (Pimentel 1979) provides a measure of morphological difference at all eight characters simultaneously. In eight of the nine families there is a significant difference of the distribution in discriminant space between full fig. 1 ). In all families where a significant difference is observed, the individuals with liver PGMl are distinguished from their full sibs without liver PGMl by lower overall meristic counts.
In contrast to the large morphological effect of the Pgml-t regulatory locus, we did not observe any evidence that structural variation at isozyme loci has a detectable effect on these meristic characters. There are 10 loci that are segregating in at least three of these nine and in five other families that were raised with them (Ed; Zdh2; Idh3,4; Ldh4; Mdh3,4; Pgm2; Sdh; Sodl). Out of a total of 3 13 pairwise comparisons, there are only 15 differences at the level P < .05 between the meristic distributions of genotypes at these loci. This is no more than one would expect by chance alone. Furthermore, these significant differences are not grouped into any one locus or meristic character.
Comparative Magnitude of Morphological and Isozymic Differences between Species
We have placed the magnitude of the morphological differences between sibs with and without liver PGMl into an evolutionary perspective by comparing it with the amount of isozymic and morphological divergence detected between rainbow trout and a closely related species. The cutthroat trout (Salmo clarki) is a polytypic species that has been divided into several subspecies (Loudenslager and Gall 1980) . We have estimated morphological divergence at the same eight meristic characters and isozymic divergence at 42 loci encoding enzymes between rainbow trout, west slope cutthroat trout (S. c. lewisi), and Yellowstone cutthroat trout (S. c. bouvieri). We used the McBride Lake strain of Yellowstone cutthroat trout maintained by the Montana Department of Fish, Wildlife, and Parks (n, the number of fish analyzed, = 39), westslope cutthroat trout collected from O'Keefe Creek, Missoula County, Montana (n = 51), and the Arlee strain of rainbow trout (n = 160 for isozyme analysis and n = 29 for morphological analysis) for these comparisons.
The following 16 loci are monomorphic for the same allele in our samples of these three taxa: Aat2; Adh; Adk; Ck3; Gap3; G12; Gpi2; G3p2; Ldh1,2,3,5; Mdhl,2; 6Pg; and Xdh. Eleven loci with fixed interspecific differences are presented in table 3. The allele frequencies for those 15 loci that showed intraspecific variation are given in table 4. The alleles at each locus are designated by their relative mobility to the common allele at the homologous locus in rainbow trout. Because of their ancient tetraploid ancestry (Ohno 1974) , many loci in salmonid fishes are still functionally duplicated; that is, the two loci show no evidence of structural or regulatory divergence. Residual tetrasomic inheritance has been observed at some of these loci (May et al. 1982; Allendorf and Thorgaard, accepted) . The duplicated loci, Aat3,4, Idh3,4, Mdh1,2, Mdh3,4, and Mel,2, were treated as single tetrasomic loci for the calculation of allele frequencies.
Isozymic divergence between these taxa was estimated using Nei's standard genetic distance, D (Nei 1975) (table 5) . Morphological divergence was estimated as in the full-sib comparisons, using the distance between group centroids in discriminant space, which is the square root of Mahalanobis's distance, D* (Sneath and Sokal 1973, p. 405) (table 5; fig. 2 ).
The average morphological distance between the groups of full sibs with and without liver PGMl (1.59; table 2) is nearly identical with that observed for the same characters between the Yellowstone and westslope cutthroat trout (1 SO; table 5). Although these two taxa are recognized as subspecies, the amount of genetic divergence between them is equal to or greater than that observed between most congeneric species of fishes (Utter et al. 1973; Avise 1974; Avise and Smith 1977; Buth and Burr 1978) . Thus, the morphological effect of the Pgml-t regulatory variation is comparable to the amount of morphological differentiation that can occur between taxa with substantial structural genetic divergence. These data directly support the view that morphological differences between taxa may be due to changes at one or a few regulatory loci with major effects rather than the gradual accumulation of genetic differences at many loci with small effects. This is further supported by the relatively large amount of morphological divergence observed between the rainbow and westslope cutthroat trout-but the comparatively small amount of structural genetic divergence (table 5).
Evolutionary Importance of Regulatory Genes
The morphological effects of the Pgml-t locus are almost certainly a consequence of the accelerated developmental rate of individuals with liver PGMl, as similar effects can be produced by environmentally increasing the developmental rate of fishes (see Introduction for pertinent literature). We believe that the increased developmental rate of individuals with liver PGMI is due to the large increase in the amount of PGM in the liver of these fish (Allendorf et al. 1982) and is, thus, a consequence of the variation at the Pgml-t locus and not of variation at the chromosomal segment marked by this locus. The liver is responsible for the release of metabolic energy stored in the yolk in the form of glycogen, which is the major energy source of fishes during early development (Terner 1968; Boulekbache 1981) . We suspect that the increase in liver PGM results in a more constant or efficient flux of energy production during development and thus increased developmental rate. This view is supported by preliminary data (Aronson and Allendorf, unpublished) that juvenile rainbow trout with liver PGMI can access energy stored in the liver as glycogen more rapidly than their full sibs without liver PGMl .
The increased developmental rate of individuals with liver PGMl not only influences their meristic counts but also increases their size and decreases their age at sexual maturity (Allendorf et al. 1982 (Allendorf et al. , 1983 . These latter effects would certainly influence the fitness of individuals in natural populations. The timing of hatching and subsequent emergence from the gravel has been found to have important effects on the survival of salmonid fishes (Mason and Chapman 1965) . Predation on salmonid fishes is known to be size specific (Parker 1971 ). Age at sexual maturity will affect the reproductive value of individuals. Our studies with Pgml-t demonstrate that a small increase in the developmental rate associated with a single regulatory locus has a variety of phenotypic effects; some of these are undoubtedly of adaptive importance. These findings support the view that small changes in the developmental process can have major effects upon the morphology and life history characteristics of individuals (Frazetta 1970; Gould 1977 Gould , 1980 . In contrast, we found no evidence of any morphological effect of allelic variation at 10 structural loci encoding enzymes. These data thus support the view that such changes are more likely the result of changes in gene regulation than changes at structural loci. PIMENTEL, R. A. 1979 
